ABSTRACT We investigated the effect of mutual interference on the attack efficiency and the rate of successful parasitism on the parasitoid Spalangia cameroni (Perkins) attacking pupae of the stable fly Stomoxys calcitrans (L.). Female parasitoids (2, 4, 8, 16, or 32) were exposed to 100 fly pupae during 24 h. The number of pupae that were attacked and the number successfully parasitized increased with the parasitoid density and reached a maximum of $70 and 50, respectively. Parasitoid-induced mortality (PIM) was about 20 pupae, irrespective of parasitoid density. The per capita rates of attack, successful parasitism and parasitoid-induced mortality declined monotonously with parasitoid density. Progeny sex ratio was female biased for all parasitoid densities, but declined significantly with increasing parasitoid density from $70% females at the lowest density to $60% at the highest. Mutual interference was incorporated into a functional response model to predict the attack rate and the rate of successful parasitism at different temperatures, host densities and parasitoid densities. The model explained 93.5% of the variation in the observed number of attacked pupae and 91.5% of the variation in the number of successfully parasitized pupae. The model predicts that increasing parasitoid densities will increase the percentage of killed hosts, but only up to a certain density. Above this density, a further increase in parasitoid abundance will actually lead to a decline in the percentage parasitism. These findings may have some implications for using S. cameroni in biological control against flies using inundative releases.
To achieve an in-depth understanding of the dynamics of a biological system involving a parasitoid species and its host, a suitable technique would be to apply a simulation model. Besides gaining knowledge about the system, a model may provide opportunity for analyzing the effectiveness of biological control programs when a beneficial parasitoid is released against a pest species. This will allow for development of optimal strategies for controlling the pest. Such a simulation model of a host-parasitoid system is currently being developed based on the pupal parasitoid Spalangia cameroni (Perkins) (Hymenoptera: Pteromalidae) of the stable fly, Stomoxys calcitrans (L.) (Skovgård and Nachman 2015b) .
S. cameroni is a synovigenic idiobiont ectoparasitoid attacking pupae of synanthropic filth flies and other flies (Bouček 1963) . This family contains several species associated with livestock production in Europe and North America (Axtell 1986) . The stable fly is considered as a nuisance pest worldwide, especially in cattle production, because of its blood-feeding habit (Scholl 1986 , Mullens et al. 2006 , Beresford and Sutcliffe 2012 , Skovgård and Nachman 2012 . Its vicious biting, which involves both genders, impairs cattle welfare, often resulting in weight loss and reduced milk production (reviewed in Taylor et al. 2012) . S. cameroni has demonstrated its potential, both in the laboratory and under field conditions, to suppress populations of stable flies as well as of house flies Musca domestica (L.), another well-known nuisance in livestock facilities (Moon et al. 1982 , Skovgård and Nachman 2004 , Birkemoe et al. 2009 ).
To develop a simulation model, quantitative data on life history characteristics, such as age-specific survivorship, fecundity, developmental time, and sex ratio, are required for both the parasitoid and its host species. With respect to S. cameroni and S. calcitrans, most of the data are available and can be gathered from the existing literature of which the majority originates from North America (e.g., Legner 1967 , Geden 1997 , Lysyk 1998 , where stable flies cost the cattle producing stakeholders millions of dollars in lost revenue each year. Biological control is considered as a promising alternative to the widespread use of insecticides, which can lead to resistance in fly populations (Scott et al. 1989 , Keiding 1999 ).
An important component in the simulation model is the functional response describing the relationship between host density and the rate of attack by a female parasitoid (Solomon 1949) . A typical type 2 functional response (Holling 1959) was recently described for S. cameroni by Skovgård and Nachman (2015a) . This function is characterized by an increasing attack rate that gradually approaches an upper plateau determined by handling time (Holling 1959) or, in the case of S. cameroni, more likely by egg limitation (Collins et al. 1981, Skovgård and Nachman 2015a) . In the latter study, the maximum rate of attack was found to be the key parameter for S. cameroni in the functional response expression, and shown to be temperature dependent in the range of 15 to 35 C, though the handling time for S. cameroni when accepting a host may play an important role as well (see Collins et al. 1981) .
However, besides information on how individual parasitoids respond to host density, it is also important to know how they affect each other while searching for suitable hosts, especially if massive releases of parasitoids are used as part of an inundative control strategy (Crowder 2007) . Thus, when the number of conspecific females occurring in a patch with a fixed number of hosts increases, it is expected that the time each individual parasitoid spends searching on the patch will decline, thereby reducing their attack efficiency (Hassell and Varley 1969) . This response may be elicited when a female either interferes directly with conspecifics or encounters hosts that have already been parasitized (Rogers and Hassell 1974) . In addition, parasitoids that stay in a crowded patch may suffer by being interrupted during search and oviposition (Hassell 1978) . Interrupted parasitoids may attempt to escape or spend time outside host patches (van Alphen and Vet 1986) . Consequently, this will cause a reduction in the number of hosts parasitized per female parasitoid (Visser and Driessen 1991) . Such density-dependent interactions and behavioral responses caused by interference among natural enemies of the same species, leading to a reduction in the per capita attack rate, are known as mutual interference (Hassell and Varley 1969 , Hassell 1978 , van Alphen and Vet 1986 .
With respect to S. cameroni and related solitary parasitoids, the effect of mutual interference has been addressed only in a few studies (e.g., Ables and Sheppard 1974 , Mann et al. 1990a , Lysyk 2004 . These studies indicate that the attack rate and successful parasitism per parasitoid exposed to a fixed number of fly pupae decline as the density of parasitoids increases. However, a more comprehensive mathematical analysis of the relationship between the density of S. cameroni and its efficiency to impose mortality to fly pupae still needs to be conducted. Furthermore, as existing data on mutual interference of S. cameroni and related species are based on M. domestica as the host species (except in Lysyk 2004), we decided to conduct a series of experiments with S. calcitrans as the host. We used five different densities of female S. cameroni (2, 4, 8, 16 , and 32) and exposed them to 100 S. calcitrans pupae for a 24-h period in a 25.52-cm 2 arena. The data were fitted by general mathematical expressions to find the best model to predict the rate of attack (number of pupae killed per day) and the rate of successful parasitism (the number of attacked pupae producing a viable parasitoid offspring) as a function of parasitoid density. Finally, we suggest a common model that combines mutual interference with a temperature-dependent functional response model, allowing us to predict the rates of attack and successful parasitism for arbitrary combinations of temperature, host density, and parasitoid density. The importance of temperature on development and parasitism has been considered by, for example, Mann et al. (1990b) , Geden (1997) , and Birkemoe et al. (2012) . Shade was provided by means of bended black cardboard pieces (10 by 10 cm) placed on top of the medium. The following day, the cylindrical dishes containing newly laid eggs were moved to 5-liter plastic buckets (one dish per bucket) containing rearing medium, and turned upside down for the larvae to move into the medium when hatching. The buckets containing the medium were placed in a rearing cabinet set to 25 C and 65-75% relative humidity (RH). To reduce over-exploitation owing to high larval densities, the medium was split into two and topped up with fresh medium. Metamorphosis of third-stage larvae into pupae occurred after $12-14 d of incubation.
Materials and Methods

Pupae
The fly pupae were separated from the medium by water flotation and dried for a few hours at room temperature. They were stored for 1 or 2 d at 15 C before being used in the experiments.
The laboratory colony of S. cameroni originated from house fly pupae collected at various Danish dairy farms in 1997 and maintained at 25 C, 60-65% RH, and a photoperiod of 12:12 (L:D) h. The S. cameroni colony was maintained on house fly pupae harvested from a culture established in 1989 and maintained at 27 C, 65% RH, and a photoperiod of 12:12 (L:D) h. To minimize inbreeding, new individuals originating from different organic dairy farms were added to the culture at irregular intervals.
Females and males of S. cameroni were isolated individually within 48 h of emergence. Individual females were placed in 30-ml plastic vials with screened lids and a small cotton-ball moisted with honey water. Two males were added and vials were held for 24 h at 25 C to allow for mating.
All experiments were conducted in a climate cabinet with a constant temperature of 25 C, 75 6 2% RH, and a photoperiod of 12:12 (L:D) h. On the day of an experiment, 100 stable fly pupae were placed on August 2015 SKOVGÅ RD AND NACHMAN: MUTUAL INTERFERENCE IN S. cameronihumidified sawdust inside a small plastic vial (height and diameter: 6 and 5.7 cm) with a screened lid, and 2, 4, 8, 16, or 32 mated female S. cameroni were released into each vial. For each experimental set up, five control vials without parasitoids were included. Parasitoids were removed after 24-h exposure to the hosts. Pupae were incubated at 25 C and 65% RH to allow for the unparasitized pupae to emerge as adult stable flies and the parasitized pupae to yield adult parasitoids. Hatched flies and the empty pupae were removed after 14 d. Developmental time of S. cameroni at 25 C may take up to 27 d with males first to emerge (Geden 1997 , Birkemoe et al. 2012 . After $50 d from time of exposure, the number of pupae with exit holes was recorded. All pupae with exit holes were then dissected to find dead adults who had used an exit hole to seek hide into a pupa. The remaining pupae were dissected to establish whether they contained unhatched parasitoids, showed signs of parasitoid activity, or did not produce a parasitoid of unknown reasons. The sex ratio of the hatched S. cameroni was recorded. A series of experiments consisted of all five parasitoid densities. Each series was replicated 16 times over a period of 12 wk.
Statistical Analyses. One-way analysis of variance (PROC ANOVA in SAS Enterprise ver. 6.1; SAS Institute 2013, Cary, NC) was used to test whether the number of parasitoids influenced 1) the number of host pupae attacked; 2) the number of host pupae producing a parasitoid (successful parasitism); 3) the number of attacked pupae dying without producing a parasitoid (also called parasitoid-induced mortality [PIM]); 4) the number of attacks per female parasitoid; 5) the number of successful ovipositions per female; and 6) PIM per female. If the ANOVA revealed an overall treatment effect (P < 0.05), Tukey's honestly significant difference test (HSD) was used to decide which treatment averages that were significantly different from each other using a significance level of P < 0.05.
The effect of parasitoid numbers on the offspring's sex ratio (expressed as females per offspring) was analyzed by means of logistic regression (PROC GEMOD; SAS Institute 2013). The model included first and second order terms of the number of parasitoids. Adjustments for overdispersion were made if needed (Boomsma and Nachman 2002) .
Mutual Interference Models. Skovgård and Nachman (2015a) modeled the functional response of a single female parasitoid as follows:
where N is the number of hosts available, N a the number of hosts attacked at least once during time t. P is the number of parasitoids and E is the rate of encounters between a parasitoid individual and hosts eliciting attacks. In functional response studies, P is set to 1. The per capita instantaneous rate of attack (E) is likely to depend on several factors, such as ambient temperature, parasitoid age, host density, and parasitoid density. The factors can be combined into a multiplicative function given as:
where E max is the maximum rate of attack achieved if all factors are optimal. f 1 (T) is the effect of the ambient temperature (T), f 2 (Q) the effect of aging, f 3 (N) the effect of host density, and f 4 (P) the effect of parasitoid density. Thus, if all factors are optimal, f 1 (T), f 2 (Q), f 3 (N), and f 4 (P) will be 1, otherwise they will take values between 0 and 1. f 1 (T) is modeled by the SANDY model (Nachman and Gotoh 2015) as follows:
where T min and T max are the lower and upper temperature thresholds, respectively, for attacking hosts and C is a scaling constant ensuring that f 1 (T) ¼ 1 when the temperature is optimal; a and b are two parameters determining the shape of f 1 (T).
and the optimum temperature is
. Skovgård and Nachman (2015b) modeled f 2 (Q) as a function of an individual's physiological age (Q), and as this function peaks while females are young, we set f 2 (Q) to 1 in equation 2.
Skovgård and Nachman (2015a) modeled f 3 (N) as follows:
where A is the area to which hosts and parasitoids are confined and a a positive constant expressing the efficiency at which the parasitoids search for and attack hosts. Thus, f 3 (N) is 0 when N ¼ 0 and 1 when N ! 1.
To include mutual interference in equation 2, we assume that f 4 (P) declines monotonically with the number of parasitoids, so that f 4 (P) ¼ 1 when P ¼ 1. As we have no a priori assumptions as to the form of the relationship between P and f 4 (P), we compared three different models with respect to their ability to fit data for S. cameroni. The models, all of which fulfill the above requirements for f 4 (P) and have two parameters (called r and q), are as follows:
If q ¼ 1, equations 5a and 5b are similar to the model by Beddington (1975) , where r is the product of the encountering rate with conspecifics and the time wasted per encounter.
Equations 5a-5c were fitted to data for S. cameroni using all attack rates obtained from both the functional response experiments (where 4, 8, 16, 32, 64, and T ¼ 15, 20, 25, 30, 35 C) and the mutual interference experiments (where P ¼ 2, 4, 8, 16, 32, A ¼ 25.52 cm 2 , N ¼ 100 and T ¼ 25 C). In total, this yielded 609 observations of which the 530 originated from the functional response experiments. As the parameters of equations 3 and 4 have already been estimated from the functional response experiments (Table 1) , we used PROC NLIN (SAS Institute 2013) to estimate the remaining two parameters (r and q) of the respective models, allowing us to predict the number of attacked hosts (N a ) from knowledge of temperature (T), host density (N/A), and parasitoid density (P/A). The model with the highest explained variation was considered as the best.
Successful Parasitism Rate. A fraction of all attacks leads to successful parasitism (F), i.e.,
where F is the number of successfully parasitized pupae per time unit (day) and u the proportion of attacks resulting in a successful parasitism (Skovgård and Nachman 2015a) . Similar to equation (2), u is modeled as
where u max is the maximum value of u if all other factors were optimal. The functions f 5 (T), f 6 (Q), and f 7 (P) are the limiting effects of temperature, physiological age, and parasitoid density, respectively, on u. As in the attack model (equation 2), f 6 (Q) is set to 1. Skovgård and Nachman (2015a) found that f 5 (T) can be modeled in the same way as f 1 (T), where the parameters T min , T max , a and b have the same interpretation as in equation 3, but differ numerically ( Table 2 ). The expected value of u max f 5 (T) at 25 C is 0.842 (95% confidence limit [CL]: 0.730-0.954).
Finally, the effect of parasitoid density was modeled in a way similar to f 3 (P) (equations 5a-5c), though the parameter values of r and q may differ quantitatively from those used in the attack model.
Results
One of the 16 replicates with two parasitoids was discarded because only one female was recovered at the end of the experiment. The number of attacked pupae and the number of successfully parasitized pupae both increased significantly with S. cameroni density and reached their highest value of $70 and 50 pupae, respectively (Fig. 1) . On the other hand, PIM remained fairly constant with about 20 pupae killed at all parasitoid densities.
The per capita rates of attack, successful parasitism and PIM all declined monotonically with the number of parasitoids (Fig. 2) . The maximum per capita attack rate was $22 pupae per female when two females were searching simultaneously. The corresponding values for successful parasitism and for PIM were $11 pupae per female.
The offspring sex ratio was female biased at all parasitoid densities. Overall, 62.7% of all offspring were female (1,941 females and 1,154 males). Sex ratio declined to 60.2 and 56.1% female when 16 (0.627 cm
À2
) and 32 (1.254 cm À2 ) parasitoids were used (Fig. 3) . The decline with parasitoid density was significant (P ¼ 0.0017; n ¼ 79).
The broken line in Fig. 4 shows the predicted number of attacked pupae if mutual interference is not included in the model, that is f 4 (P) in equation 2 is set to 1. It is obvious that the model overestimates the observed number of attacks, indicating that mutual interference plays a significant role. When f 4 (P) is included in equation 2, equation 5a explained 93.5% of the total variation in data which is highly significant (F 2,606 ¼ 4327.2; P < 0.0001). Equation 5b explained 92.8% of the variation (F 2,606 ¼ 3907.5; P < 0.0001), while equation 5c explained 93.2% of the variation (F 2,606 ¼ 4158.4; P < 0.0001). Though the difference between the three models is relatively small, we chose equation 5a as the one that best describes data (the full line in Fig. 4) . The difference between the two lines in Fig. 4 illustrates the effect of mutual interference, which is seen to increase with parasitoid density. The solid line underestimates the predicted attack rate when two parasitoids are searching simultaneously, but fits well at the other densities. Table 1 gives the estimated parameter values of r and q. r is significantly different from 0 (t 606 ¼ 23.42; P < 0.0001) and q is significantly different from 1 (t 606 ¼ 7.36; P < 0.0001). The model predicting how the success ratio (u) depends on parasitoid density was obtained as (Table 2) . r is significantly different from 0 (t 606 ¼ 9.58; P < 0.0001), while q is significantly smaller than 1 (t 606 ¼ 11.23; P < 0.0001). The model predicts a steep drop in u when more than a single parasitoid searches for hosts, whereas u declines slowly with a further increase in P (Fig. 5) . The observed drop in u at P ¼ 2 is even larger than predicted, which is attributed to egg limitation (see discussion). As 1-u predicts the likelihood that an attack does not lead to a viable offspring (i.e., PIM), the model predicts that a relatively higher proportion of the attacks will be unsuccessful when the density of parasitoids increases.
We estimated the expected number of successfully parasitized pupae (F) as F ¼ uN a (Fig, 6) . The model explained 91.5% of the total variation in the observed rates of successful parasitism (F 2,606 ¼ 3270.1; P < 0.0001). C and with 100 hosts on an area of 25.52 cm 2 . Dots: observed values ( 6 95% CLs); broken line: the predicted number of attacked pupae if mutual interference is absent. Full line: the predicted number of attacked pupae if mutual interference is incorporated in the model. Model parameters are given in Table 1 . Figure 7 shows the combined influence of host and parasitoid density on the per capita attack rate, using equation 2 to predict the expected values. The model predicts that the per capita attack rate at 25 C will reach a maximum at$16 pupae when the density of pupae exceeds 4 per cm 2 and the density of parasitoids approaches 0.
Discussion
This study clearly demonstrates that increasing densities of female S. cameroni affect the efficiency of the individual parasitoid to attack S. calcitrans pupae and to produce viable offspring (successful parasitism). By exposing different numbers of parasitoids to a constant density of fly pupae (100 pupae/25.52 cm 2 corresponding to 3.92 pupae/cm 2 ), we found that the total number of attacked and successfully parasitized pupae increased with parasitoid density (Fig. 1) , while the per capita rates declined steeply with parasitoids density (Fig. 2) .
In accordance with theory Varley 1969, van Alphen and Vet 1986) and empirical studies (Hassel 1971 , Lozano et al. 1997 , Wajnberg et al. 2004 , Tahriri et al. 2007 ), parasitoids interfere with each other during search, thereby disturbing host finding behavior and interrupting ovipositions. This means that the number of attacked pupae is expected to level off when the parasitoid density increases, depending on how strongly the parasitoids interfere with each other. In this study the number of attacked and successfully parasitized stable fly pupae reached a maximum of $70 attacked pupae, of which $50 were successfully parasitized. A similar pattern was found by Mann et al. (1990a) , but with only 20 female S. cameroni per 10.5 cm 2 as their highest density. Total PIM was $20 pupae at all parasitoid densities (Fig. 1) . Mann et al. (1990a) found a similar pattern for S. cameroni, while studies using other pteromalid species have shown that PIM increases with an increasing parasitoid to host ratio (Pawson et al. 1987 , Petersen et al. 1991 , Lysyk 2004 . However, when PIM is expressed as per capita, the highest value was found at the lowest parasitoid density and it then declined monotonously at higher densities (Fig. 2) . A likely explanation for this pattern is that the individual parasitoids at low densities are able to quickly manifest their potential fecundity and then spend the remaining time on host feeding to gain energy for additional egg production (Gerling and Legner 1968) , whereas at the high parasitoid densities, PIM is probably limited by the supply of suitable (healthy) hosts. Competition among several larvae inside a pupa may result in either a fitness reduction of each individual through, for example, smaller body size and lower fecundity or an increased risk that all will die (van Alphen and Visser 1990) . However, there may be several factors acting in concert that contribute to increase PIM such as the parasitoid-to-host ratio, host density, exposure time, temperature, parasitoid age, host species, and pupal age (Gerling and Legner 1968 , Coats 1976 , Pawson et al 1987 , Petersen et al. 1991 .
The sex ratio of the offspring was consistently female biased (overall mean 62.7%) for all the parasitoid Table 2 . densities tested and in accordance with other studies of S. cameroni (Moon et al. 1982 , King 1989 , Skovgård and Nachman 2015a . However, the sex ratio declined significantly with parasitoid density from $70% females when density approached 0 to $60% at the highest density (Fig. 3) . A similar trend was found by Legner (1967) studying the solitary species Spalangia endius (Walker) parasitizing house flies. He suggested that the female parasitoids prefer to lay unfertilized eggs (males) on fly pupae previously parasitized by conspecifics (superparasitism). This also agrees with the results obtained by King (1996) , whereas Petersen et al. (1991) found that the sex ratio in six different pteromalid species (S. cameroni was not among them) could either increase or decrease with parasitoid density, depending on species. We used three different mathematical equations to model the effect of mutual interference on the number of attacked pupae. When the models were fitted to data obtained from both the functional response experiments by Skovgård and Nachman (2015a) , where parasitoid density was P/A ¼ 1/19.64 cm 2 ¼ 0.051 parasitoids/cm 2 , and the mutual interference experiments, where P/A varied between 0.078 and 1.25 cm
À2
, the best model (equation 5a) explained as much as 93.5% of the total variation in attacked pupae (Fig. 4) . Including mutual interference in the model of the instantaneous attack rate (equation 2) improved the model significantly compared with a model without mutual interference.
We found that the success ratio (u) declined when two or more parasitoids were searching for hosts at the same time compared with the success ratio of a single individual, indicating that mutual interference also affects u (Fig. 5) . The lowest value of u was observed when only two parasitoids were present in the arena (Fig. 5) . Consequently, $50% of the attacked hosts did not produce a viable parasitoid offspring. The model fitted to the observed values of u clearly overestimated the predicted value u when two parasitoids were present at the arena. The discrepancy between the observed and predicted values of u is attributed to the circumstance that the model does not take egg limitation into consideration. Thus, the number of successful attacks per female was 10.77 day
À1
, which is close to the maximum value of a single individual at 25 C, which was found to be 13.35 (95% CL: 11.26-15.45; Skovgård and Nachman 2015a) .
When the predicted attack rate and success ratio were combined into a model predicting successful parasitism (equation 6), we were able to predict the rate of successful parasitism (Fig. 6) . The model explained 91.5% of the total variation in the observed rates.
The generic mutual interference model (equation 5a) has two parameters (r and q). r can be interpreted as a product of a parasitoid's encounter rate with conspecifics during search and the time wasted per encounter (see Beddington 1975) , while q is a speciesspecific shape parameter. Beddington's model implicitly sets the value of this parameter to 1. The fact that we estimated q to be 1.666 in the model predicting the number of attacks and to 0.028 in the model describing the success ratio demonstrates that increasing parasitoid densities have a super-proportionate effect on the former and a subproportionate effect on the latter. Because the mutual interference experiments were conducted at only one temperature, we could not test for a possible temperature effect on the parameters. Beddington's (1975) mutual interference model predicts that the risk of attack (i.e., N a /N) will approach an upper asymptote when the density of parasitods increases (because q ¼ 1), whereas the model presented in this article predicts that the risk of attack will peak at intermediate parasitoid densities and then slowly decline (Fig. 4) . Consequently, the stabilizing influence of mutual interference on the interactions between hosts and parasitoids (see e.g., Hassell 1978) may only work as long as the density of parasitoids remains fairly low. At higher parasitoid densities, adding more parasitoids to the system may actually benefit the hosts because the efficacy of the individual parasitoid declines more than can be compensated by increasing the number of parasitoids. This phenomenon should be taken into consideration when conducting inundative releases of natural enemies, as illustrated by the releases of Encarsia formosa Gahan (Hymenoptera: Aphelinidae) against Bemisia argentifolli (Hemiptera: Aleyrodidae) (Hoddle et al. 1997) . It should, however, be emphasized that the turning point for S. cameroni is $0.75 females/cm 2 , which is a very high density taking into consideration that the recommended release size is 50-100 females per square meter. However, when large numbers of parasitoids are released at a few sites within a stable, local density may temporarily be so high that mutual interference might play a role. Finally, it should be noticed that the maximum parasitoid density used in our experiments was too low to reveal experimentally whether the attack risk per host approaches either an upper asymptote or 0 when the parasitoid density approaches infinity. Nevertheless, there seems to be no a priori reasons for assuming that an upper asymptote is biologically realistic at very high parasitoid densities.
Mutual interference appears when competition for a common resource leads to a decrease in searching efficiency of the individual parasitoid Varley 1969, van Alphen and Vet 1986) . Such a decline in the per capita searching efficiency can be the result of, e.g., if a female leaves an otherwise favorable host patch due to agonistic interactions with conspecifics, deposits eggs in already parasitized hosts or is disturbed during egg laying (Hassel 1978, Visser and Driessen 1991) . Unfortunately, we are unable to decide what behavioral mechanisms that caused the decline in attack efficiency in our study as we only measured the net outcome of mutual interference by counting the number of attacked pupae and the number of viable offspring emerging from these pupae after 24-h exposure to parasitoids. However, it seems likely that the parasitoid females, at high densities, quickly found and parasitized most of the pupae and then spent the remaining time either attempting to escape or resting inside the jar. Free et al. (1977) used the term "pseudo-interference" to describe phenomena that are not directly caused by agonistic interference between parasitoids but contribute to the observed decline in attack efficiency. In a natural environment, where the distances between suitable host patches may be large and hosts difficult to find in the substrate, parasitoids may risk spending considerable time while moving from one host patch to another (Nachman 1981) . This implies that the effect of mutual interference under natural conditions might be even more pronounced than predicted from small-scale experiments like the one presented here.
To study the behavioral mechanisms underlying mutual interference, detailed information about the individual parasitoids should be recorded, which is very time-consuming (see e.g., Merkel 2014). However, for the purpose of including mutual interference into a population model of S. calcitrans and S. cameroni, we are primarily interested in its net effect on the attack rate, especially because the model is not spatially explicit and transit time is negligible. Therefore, it seems reasonable to assume that the results presented in this paper give a realistic description of how mutual interference affects the efficiency of female S. cameroni when attacking pupae of S. calcitrans in a stable.
